Low-field nuclear magnetic resonance (NMR) has been widely used in the petroleum industry for reservoir evaluation. Fluid properties and petrophysical parameters can be determined from NMR spectra, obtained from processing echo data measured from the NMR tool. The more accurate NMR spectra are, the higher the reliability of reservoir evaluation based on NMR logging is. The purpose of this paper is to obtain more precise T 1 -T 2 spectra in heavy oil reservoirs, with focus on the T 1 -T 2 data acquisition and inversion. To this end, four inversion algorithms were tested on synthetic T 1 -T 2 data, their precision was evaluated and the optimal inversion algorithm was selected. Then, the sensitivity to various acquisition parameters (wait time and echo spacing) was evaluated with T 1 -T 2 experiments using a disordered accumulation of glass beads with a diameter of 45 µm saturated with heavy oil and distilled water. Finally, the sensitivity to various inversion parameters (convergence tolerance, maximum number of iterations and regularization parameter) was evaluated using the optimal inversion algorithm. The results showed that the inverted T 1 -T 2 spectra loss some relaxation information when the number of echo train is less than 7. The peak of the heavy oil signal gradually moves along the direction of increase in the T 2 and the intensity of the heavy oil signal gradually decreases with increasing echo spacing. The echo spacing should be as small as possible for T 1 -T 2 measurements in heavy oil reservoirs on the premise that the NMR instrument operates normally. A convergence tolerance that is too large or a maximum number of iterations that is too small may result in exiting the iteration prematurely during the inversion. A convergence tolerance of 1 × 10 −7 and a maximum number of iterations of 30,000 are recommended for the inversion of the T 1 -T 2 spectra. An appropriate regularization parameter is an important factor for obtaining accurate T 1 -T 2 spectra from the optimal inversion algorithm.
Introduction
Heavy oil is characterized by a high viscosity of more than 100 cp and low American Petroleum Institute (API) gravity in the range of 10-20 • . Worldwide heavy oil reserves are about 6 trillion barrels [1] [2] [3] [4] . Due to the decrease in conventional oil and gas production, an increasing number of researchers have focused on the exploration and development of heavy oil reservoirs. The nuclear magnetic resonance (NMR) technique can be used to evaluate the viscosity and components of crude oil and provides an effective and economical method for evaluating wells; therefore, it has been widely used in reservoir exploration [5] [6] [7] [8] [9] . In recent years, several researchers have studied the NMR properties of heavy oil samples and the NMR responses of heavy oil reservoirs; these studies have 2. Basic Theory of T1-T2 Spectra
The pulse sequences used for NMR T1-T2 measurements mainly include: (1) inversion recovery-Carr-Purcell-Meiboom-Gill (IR-CPMG) and (2) saturation recovery-CPMG (SR-CPMG), diagrams of which are shown in Figure 1 [23, 34] . A major difference between the two is the T1-editing phase. The dynamic range of the measured magnetization using the first pulse sequence is from −M0 to M0, whereas the dynamic range of the measured magnetization using the second pulse sequence is from 0 to M0. The first pulse sequence has the advantage of a wider measured magnetization range and a higher resolution for a shorter T1 component. Due to the shorter relaxation time of heavy oil, the IR-CPMG pulse sequence was chosen to study the influencing factors of the T1-T2 spectra in heavy oil reservoirs. The measured echo data using the IR-CPMG pulse sequence can be written based on the Fredholm integral equation of the first kind:
where t is the measuring time;   , Y TW t are the measured echo data with a wait time of TW at time t;   , 1 2 S T T is the unknown T1-T2 spectra to solve;   , Ε TW t is the noise.
The discrete form of Equation (1) can be expressed as:
where   spectra to solve. The matrix form of Equation ( 2) is written as:
where Y and E with a size of K × I are the measured echo data and noise; the elements of K1 with a size of M × P are   , , exp The measured echo data using the IR-CPMG pulse sequence can be written based on the Fredholm integral equation of the first kind:
where t is the measuring time; Y(TW, t) are the measured echo data with a wait time of TW at time t; S(T 1 , T 2 ) is the unknown T 1 -T 2 spectra to solve; (TW, t) is the noise. The discrete form of Equation (1) can be expressed as:
where Y(TW m , t i ) and (TW m , t i ) are the measured echo data and noise with the mth (m = 1, 2, 3, . . . M) wait time at time t i (i = 1, 2, 3, . . . I); S T 1,p , T 2,j is the T 1,p , T 2, j amplitude in the unknown T 1 -T 2 spectra to solve. The matrix form of Equation (2) is written as:
where Y and E with a size of K × I are the measured echo data and noise; the elements of K 1 with a size of M × P are K 1 (m, p) = 1 − 2 exp − TW m T 1,p ; the elements of K 2 with a size of I × J are S with a size of P × J is the unknown T 1 -T 2 spectra to solve; superscript T represents the transpose of the matrix. The 2D NMR spectra inversion problem can be described as a problem of how to solve S under the condition that the measured data Y and the kernel matrices K 1 and K 2 are known. In a 2D NMR spectra inversion problem, 2D problem is usually transformed to a 1D problem, which is then solved using an inversion algorithm; subsequently, the 1D solution is reallocated to a 2D space. Thus, we can obtain
where y = vect(Y); s = vect(S); e = vect(E); vect() denotes the operator creating a vector by stacking all the columns of a matrix; K = K 1 ⊗ K 2 ; ⊗ denotes the Kronecker product of two matrices. Equation (4) can be replaced by the least squares fitting problem as:
Because the matrix K is ill-conditioned, the solution of Equation (5) is unsteady and affected seriously by noise. Usually, the regularization method is used to suppress the noise. The regularization method adds a penalty term to the Equation (5) and adjusts the regularization parameter to seek a trade-off between the solution accuracy and the noise sensitivity. The objective function for the regularization method can be written as:
where λ > 0 is the regularization parameter that controls the weight of the residual and the regularization term; R(s) is the penalty function. Different regularization methods have different penalty functions; for example, R(s) = s 2 2 for an L2 regularization method, R(s) = s 1 for an L1 regularization method and R(s) = i s i log s i for a maximum entropy regularization method. The penalty function consists of two kinds of functions for a double-parameter regularization method. The different penalty functions constrain the different properties of the objective function's solution. We summarized some inversion methods for the inversion problem in Appendices A-C.
Numerical Simulation and Inversion Algorithm Selection
The effectiveness of the mentioned algorithms in the appendices for low signal-to-noise ratio (SNR) data was evaluated from numerical simulation. A T 1 -T 2 spectra model ( Figure 2 ) was constructed and it contains oil, free water and bound water, the porosities of which are 6 pu, 6 pu and 3 pu and the T 1 , .0] s. The echo data with different wait times according to Equation (2) were calculated and Gaussian noises with different SNRs (50, 20 and 10) were added to the calculated echo data. To improve the inversion speed, the calculated noisy echo data number was compressed to 200 using the fast SVD (FSVD) method [35, 36] . Subsequently, the compressed echo data were inverted using the two-step iterative shrinkage/thresholding (TIST) algorithm, the TSVD algorithm, the Butler-Reeds-Dawson (BRD) algorithm and the Levenberg-Marquardt (LM) algorithm to obtain the corresponding T 1 -T 2 spectra, as shown in The inverted T1-T2 spectra obtained from the TSVD algorithm are different from the model at an SNR of less than 50 and the oil, free water and bound water signals overlap; moreover, the bound water signal may disappear in the inverted T1-T2 spectra. As the SNR decreases, the signals of the oil, free water and bound water gradually diverge in the inverted T1-T2 spectra obtained from the BRD algorithm and the LM algorithm and the ability to identify the fluids based on the inverted T1-T2 spectra gradually decreases. The inverted T1-T2 spectra obtained from the TIST algorithm clearly show the signals of oil, free water and bound water and the signal divergence degrees are lower than those of the BRD algorithm and the LM algorithm. Above all, the TIST algorithm possesses stronger robustness for the NMR T1-T2 data inversion than the other inversion algorithms. Moreover, we compared the detailed results of the four-inversion algorithm, as described in Table 1 . It is evident The inverted T1-T2 spectra obtained from the TSVD algorithm are different from the model at an SNR of less than 50 and the oil, free water and bound water signals overlap; moreover, the bound water signal may disappear in the inverted T1-T2 spectra. As the SNR decreases, the signals of the oil, free water and bound water gradually diverge in the inverted T1-T2 spectra obtained from the BRD algorithm and the LM algorithm and the ability to identify the fluids based on the inverted T1-T2 spectra gradually decreases. The inverted T1-T2 spectra obtained from the TIST algorithm clearly show the signals of oil, free water and bound water and the signal divergence degrees are lower than those of the BRD algorithm and the LM algorithm. Above all, the TIST algorithm possesses stronger robustness for the NMR T1-T2 data inversion than the other inversion algorithms. Moreover, we compared the detailed results of the four-inversion algorithm, as described in Table 1 . It is evident The inverted T 1 -T 2 spectra obtained from the TSVD algorithm are different from the model at an SNR of less than 50 and the oil, free water and bound water signals overlap; moreover, the bound water signal may disappear in the inverted T 1 -T 2 spectra. As the SNR decreases, the signals of the oil, free water and bound water gradually diverge in the inverted T 1 -T 2 spectra obtained from the BRD algorithm and the LM algorithm and the ability to identify the fluids based on the inverted T 1 -T 2
Energies 2019, 12, 2415 7 of 17 spectra gradually decreases. The inverted T 1 -T 2 spectra obtained from the TIST algorithm clearly show the signals of oil, free water and bound water and the signal divergence degrees are lower than those of the BRD algorithm and the LM algorithm. Above all, the TIST algorithm possesses stronger robustness for the NMR T 1 -T 2 data inversion than the other inversion algorithms. Moreover, we compared the detailed results of the four-inversion algorithm, as described in Table 1 . It is evident that the calculated porosity of the inverted T 1 -T 2 spectra from the TIST algorithm is closest to the model's porosity and the relative error and residual of the TIST algorithm are lower than for the other inversion algorithms under the condition of the same SNR. With the decrease in the SNR, the relative error of the TIST algorithm gradually decreases but its rate of decrease is smaller than that of the others. Judging from these results, the TIST algorithm is superior to the TSVD algorithm, the BRD algorithm and the LM algorithm for inverting NMR T 1 -T 2 data with a low SNR. Therefore, the TIST algorithm was recommended for NMR data inversion in heavy oil reservoirs. 
Parameter Analysis of T 1 -T 2 Spectra in Heavy Oil Reservoirs
After selecting the optimal inversion algorithm, NMR experiments were implemented to study the T 1 -T 2 spectra characteristics of heavy oil with different acquisition and inversion parameters, whose aim is to obtain the optimal T 1 -T 2 spectra of heavy oil reservoirs. Due to the production difficulty of heavy oil-saturated underground rock, a disordered accumulation of glass beads with a diameter of 45 µm saturated with about 1500 cp heavy oil and distilled water was selected as the experimental sample. Firstly, the glass beads were put in a glass vial and then 1.5 grams of distilled water and 3.0 grams of heavy oil from oilfields were added in the glass vial. Next, the glass vial was sealed up and heated in a water bath until the fluids were completely saturated in the pore. Finally, the glass vial was taken out and dropped to room temperature. When the experimental sample was prepared well, it would be put in the NMR instrument. Input the T 1 -T 2 measurement parameters and start NMR experiments. All the NMR experiments were done using a 2 MHz NMR Rock Core Analyzer produced by Magritek under room temperature.
Acquisition Parameters
In this study, the IR-CPMG pulse sequence was chosen to study the T 1 -T 2 spectra in NMR experiments. The acquisition parameters mainly include the wait time group and echo spacing during the T 1 -T 2 measurements. Therefore, different wait time groups and echo spacings were set and used in NMR T 1 -T 2 experiments for a disordered accumulation of glass beads and then the measured echo data were processed to obtain the corresponding T 1 -T 2 spectra. The purpose was to find the optimal wait time group and echo spacing for the T 1 -T 2 spectra of heavy oil reservoirs.
Wait Time Group
To find the optimal wait time group for the T 1 -T 2 spectra of heavy oil reservoirs, the echo spacing and echo number were fixed and the only wait time group was changed in NMR T 1 -T 2 experiments. The maximum and minimum wait time were set to 1 s and 0.0001 s based on the properties of heavy oil and water. Six wait time groups were set and listed in Table 2 and the echo spacing and echo number were set to 0.15 ms and 2000, respectively. A major difference among the six wait time groups is the number of echo train. After the experiments, the corresponding echo data with the six wait time groups were acquired. Subsequently, the corresponding T 1 -T 2 spectra were obtained using the TIST algorithm after the number of echo data was compressed to 200 by the FSVD method, as shown in Figure 6a -f. Figure 6g ,h show the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 1 and T 2 axes, respectively. The water signal is partially lost when the number of echo train in the wait time group is no more than 5 and the heavy oil signal is partially lost when the number of echo train is 3, indicating that too few number of echo train in the wait time group are undesirable for T1-T2 measurements in heavy oil reservoirs. The inverted T1-T2 spectra are the same for the third to sixth wait time group, which indicates that increasing the number of echo train in the wait time group has no effect on the inverted T1-T2 spectra when the number of echo train is up to 7. It should be noted that increasing the number of echo train just increases the T1-T2 measurement time and the computation time of the inversion. Above all, the quality of the T1-T2 spectra in heavy oil reservoirs depends on the number of echo train when the maximum and minimum wait time were fixed and the number no less than 7 is appropriate. Considering all factors, the third wait time group is more suitable than the other five wait time groups for T1-T2 measurements in heavy oil reservoirs. It can be seen from Figure 7g ,h that the inverted T1 spectra are strongly affected by the wait time group but the inverted T2 spectra with different wait time groups are the same. Therefore, in the event that an inappropriate wait time group is used for the T1-T2 measurement in heavy oil reservoirs, the projected T2 spectra can still be used for reservoir evaluation. Figure 6 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs for different wait time groups. a-f represent the inverted T1-T2 spectra for the first to sixth wait time groups, respectively. (g,h) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. Figure 7 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs for different echo spacings. (a-d) represent the inverted T1-T2 spectra with echo spacings of 0.15 ms, 0.3 ms, 0.6 ms and 0.9 ms, respectively. (e,f) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. The water signal is partially lost when the number of echo train in the wait time group is no more than 5 and the heavy oil signal is partially lost when the number of echo train is 3, indicating that too few number of echo train in the wait time group are undesirable for T 1 -T 2 measurements in heavy oil reservoirs. The inverted T 1 -T 2 spectra are the same for the third to sixth wait time group, which indicates that increasing the number of echo train in the wait time group has no effect on the inverted T 1 -T 2 spectra when the number of echo train is up to 7. It should be noted that increasing the number of echo train just increases the T 1 -T 2 measurement time and the computation time of the inversion. Above all, the quality of the T 1 -T 2 spectra in heavy oil reservoirs depends on the number of echo train when the maximum and minimum wait time were fixed and the number no less than 7 is appropriate. Considering all factors, the third wait time group is more suitable than the other five wait time groups for T 1 -T 2 measurements in heavy oil reservoirs. It can be seen from Figure 7g ,h that the inverted T 1 spectra are strongly affected by the wait time group but the inverted T 2 spectra with different wait time groups are the same. Therefore, in the event that an inappropriate wait time group is used for the T 1 -T 2 measurement in heavy oil reservoirs, the projected T 2 spectra can still be used for reservoir evaluation. (e) (f) (g) (h) Figure 6 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs for different wait time groups. a-f represent the inverted T1-T2 spectra for the first to sixth wait time groups, respectively. (g,h) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. Figure 7 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs for different echo spacings. (a-d) represent the inverted T1-T2 spectra with echo spacings of 0.15 ms, 0.3 ms, 0.6 ms and 0.9 ms, respectively. (e,f) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. 
Echo Spacing TE
To find the optimal echo spacing for the T 1 -T 2 spectra of heavy oil reservoirs, the wait time group was fixed and the echo spacing was changed, the values of which were 0.15 ms, 0.3 ms, 0.6 ms and 0.9 ms. The echo number was set to int (300 ms/TE) and the sixth wait time group in Table 2 was used. After the experiments, the corresponding echo data with different echo spacings were acquired. Subsequently, the corresponding T 1 -T 2 spectra were obtained using the TIST algorithm after the number of echo data was compressed to 200 by the FSVD method, as shown in Figure 7a-d . Figure 7e ,f represent the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively. Figure 7 showed that the peak of the heavy oil signal gradually moves along the direction of increase in T 2 and the intensity of the heavy oil signal gradually decreases as the echo spacing increases in the inverted T 1 -T 2 spectra. The water signal changed slightly in the inverted T 1 -T 2 spectra when the echo spacing is in the range of 0.15 ms to 0.9 ms. This occurs because the T 2 of the water is two order of magnitude longer than that of heavy oil and as the echo spacing increases, the heavy oil signal begins to disappear due to attenuation before acquiring the signal at the first time but the water signal does not disappear in the time of one echo spacing. Therefore, the echo spacing should be as small as possible for T 1 -T 2 measurements in heavy oil reservoirs on the premise that the NMR instrument operates normally; this reduces the loss of the heavy oil signal and improves the accuracy of the reservoir evaluation.
Inversion Parameters
For echo data with a high SNR and appropriate acquisition parameters, the inverted T 1 -T 2 spectra may be inaccurate if the inversion parameters are not chosen appropriately. In other words, the inversion result is sensitive to the inversion parameters. T 1 -T 2 experimental data with fixed wait time group and echo spacing as an example to find the optimal inversion parameters on the T 1 -T 2 spectra of heavy oil reservoirs. The acquisition parameters of the T 1 -T 2 measurements were fixed as follows: the echo spacing was 0.15 ms; the echo number was 2000; the sixth wait time group in Table 2 was used. Subsequently, the number of measured echo data was compressed to 200 and the compressed echo data were inverted using the TIST algorithm with different inversion parameters to obtain the corresponding T 1 -T 2 spectra. The inverted T 1 -T 2 spectra with different inversion parameters, including the convergence tolerance tol, the maximum number of iterations iter max and the regularization parameter, were compared to choose the optimal inversion parameters.
Convergence Tolerance tol
An appropriate convergence tolerance tol is helpful not only to obtain accurate T 1 -T 2 spectra but also to improve the inversion efficiency. A convergence tolerance that is too large may result in exiting the iteration prematurely during the inversion and the inversion results might be inaccurate. A convergence tolerance that is too small may result in redundant iterations during the inversion, resulting in time-consuming inversion process. Six different convergence tolerances were set: 1 × 10 −9 , 1 × 10 −8 , 1 × 10 −7 , 1 × 10 −6 , 1 × 10 −5 and 1 × 10 −4 . Then, the compressed echo data were inverted using the TIST algorithm with different convergence tolerances to obtain the corresponding T 1 -T 2 spectra, as shown in Figure 8a -f. Figure 8g ,h show that the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively. It can be observed from the inverted T 1 -T 2 spectra that the heavy oil signal and the water signal have an obvious divergence when the convergence tolerance tol is no less than 1 × 10 −6 . It can be seen from the projected T 1 spectra and T 2 spectra that decreasing the convergence tolerance has no effect on the inversion results when the convergence tolerance is no more than 1 × 10 −7 ; when the convergence tolerance tol is more than 1 × 10 −7 , the amplitudes of the heavy oil signal and the water signal decrease gradually with increase of convergence tolerance. The reason is that the iteration stops prematurely in the TIST algorithm and the solution has not absolute convergence when the convergence tolerance is larger. To sum up, a convergence tolerance tol of 1 × 10 −7 was recommended for T 1 -T 2 spectra inversion of heavy oil reservoirs.
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Maximum Number of Iterations itermax
Similar to the convergence tolerance effect, the maximum number of iterations itermax also affects the inversion efficiency. A maximum number of iterations that is too large may result in redundant iterations during the inversion, resulting in time-consuming inversion process. Six different maximum numbers of iterations were set: 40,000, 30,000, 20,000, 10,000, 5000 and 2500. Then, the compressed echo data were inverted using the TIST algorithm with the six maximum numbers of iterations to obtain the corresponding T1-T2 spectra, as shown in Figure 9a -f. Figure 9g ,h show the T2 and T1 spectra from T1-T2 spectra projections onto the T2 and T1 axes, respectively. It was evident that the heavy oil signal and the bound water signal gradually diverge in the inverted T1-T2 spectra and their amplitudes gradually decrease with a decrease in the maximum number of iterations. Increasing the maximum number of iterations has no obvious effect on the inversion results when the maximum number of iterations is up to 30,000; the amplitudes of the heavy oil signal and the water signal increase gradually with increase of convergence tolerance. This occurs because the accuracy of the solution is very low for the TIST algorithm when the maximum number of iterations is small. Thus, an itermax of 30,000 was recommended for T1-T2 spectra inversions of heavy oil reservoirs. Figure 8 . Inverted T 1 -T 2 spectra, T 1 spectra and T 2 spectra in heavy oil reservoirs with different convergence tolerances. (a-f) represent the inverted T 1 -T 2 spectra with convergence tolerances of 1 × 10 −9 , 1 × 10 −8 , 1 × 10 −7 , 1 × 10 −6 , 1 × 10 −5 and 1 × 10 −4 , respectively. (g,h) represent the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively.
Maximum Number of Iterations iter max
Similar to the convergence tolerance effect, the maximum number of iterations iter max also affects the inversion efficiency. A maximum number of iterations that is too large may result in redundant iterations during the inversion, resulting in time-consuming inversion process. Six different maximum numbers of iterations were set: 40,000, 30,000, 20,000, 10,000, 5000 and 2500. Then, the compressed echo data were inverted using the TIST algorithm with the six maximum numbers of iterations to obtain the corresponding T 1 -T 2 spectra, as shown in Figure 9a -f. Figure 9g ,h show the T 2 and T 1 spectra from T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively. It was evident that the heavy oil signal and the bound water signal gradually diverge in the inverted T 1 -T 2 spectra and their amplitudes gradually decrease with a decrease in the maximum number of iterations. Increasing the maximum number of iterations has no obvious effect on the inversion results when the maximum number of iterations is up to 30,000; the amplitudes of the heavy oil signal and the water signal increase gradually with increase of convergence tolerance. This occurs because the accuracy of the solution is very low for the TIST algorithm when the maximum number of iterations is small. Thus, an iter max of 30,000 was recommended for T 1 -T 2 spectra inversions of heavy oil reservoirs.
numbers of iterations to obtain the corresponding T1-T2 spectra, as shown in Figure 9a -f. Figure 9g ,h show the T2 and T1 spectra from T1-T2 spectra projections onto the T2 and T1 axes, respectively. It was evident that the heavy oil signal and the bound water signal gradually diverge in the inverted T1-T2 spectra and their amplitudes gradually decrease with a decrease in the maximum number of iterations. Increasing the maximum number of iterations has no obvious effect on the inversion results when the maximum number of iterations is up to 30,000; the amplitudes of the heavy oil signal and the water signal increase gradually with increase of convergence tolerance. This occurs because the accuracy of the solution is very low for the TIST algorithm when the maximum number of iterations is small. Thus, an itermax of 30,000 was recommended for T1-T2 spectra inversions of heavy oil reservoirs. Figure 9 . Inverted T 1 -T 2 spectra, T 1 spectra and T 2 spectra in heavy oil reservoirs with different maximum number of iterations. (a-f) represent the inverted T 1 -T 2 spectra with maximum number of iterations of 40,000, 30,000, 20,000, 10,000, 5000 and 2500, respectively. (g,h) represent the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively.
Regularization Parameter
The regularization parameter determines the weight of the residual term and the penalty term in the objective function and plays an important role in T 1 -T 2 spectra inversion. Thus, it is necessary to find the optimal regularization parameter during the T 1 -T 2 spectra inversion. The residuals with different L1 regularization parameters for the compressed echo data were calculated and then the diagram of the logarithmic relationship between the residual and the L1 regularization parameter was plotted, as shown in Figure 10 . The corresponding λ at the red point, where the residual is the minimum, represents the optimal L1 regularization parameter, where λ = 1.9156. Moreover, five other regularization parameters (0.01, 0.1, 10, 100 and 1000) were tested. The compressed echo data were inverted using the TIST algorithm with the six regularization parameters to obtain the corresponding T 1 -T 2 spectra, as shown in Figure 11a -f. Figure 11g ,h show the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively.
Energies 2019, 12, x FOR PEER REVIEW 11 of 17 Figure 9 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs with different maximum number of iterations. (a-f) represent the inverted T1-T2 spectra with maximum number of iterations of 40,000, 30,000, 20,000, 10,000, 5000 and 2500, respectively. (g,h) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively.
The regularization parameter determines the weight of the residual term and the penalty term in the objective function and plays an important role in T1-T2 spectra inversion. Thus, it is necessary to find the optimal regularization parameter during the T1-T2 spectra inversion. The residuals with different L1 regularization parameters for the compressed echo data were calculated and then the diagram of the logarithmic relationship between the residual and the L1 regularization parameter was plotted, as shown in Figure 10 . The corresponding λ at the red point, where the residual is the minimum, represents the optimal L1 regularization parameter, where 1.9156 λ  . Moreover, five other regularization parameters (0.01, 0.1, 10, 100 and 1000) were tested. The compressed echo data were inverted using the TIST algorithm with the six regularization parameters to obtain the corresponding T1-T2 spectra, as shown in Figure 11a -f. Figure 11g ,h show the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. Figure 10 . Diagram of the logarithmic relationship between the residual and the L1 regularization parameter for the compressed echo data. Figure 11 . Inverted T1-T2 spectra, T1 spectra and T2 spectra in heavy oil reservoirs with different regularization parameters. (a-f) represent the inverted T1-T2 spectra with regularization parameters of 0.01, 0.1, 10, 100, 1000 and 1.9156, respectively (g,h) represent the T2 and T1 spectra from the T1-T2 spectra projections onto the T2 and T1 axes, respectively. Figure 11 . Inverted T 1 -T 2 spectra, T 1 spectra and T 2 spectra in heavy oil reservoirs with different regularization parameters. (a-f) represent the inverted T 1 -T 2 spectra with regularization parameters of 0.01, 0.1, 10, 100, 1000 and 1.9156, respectively (g,h) represent the T 2 and T 1 spectra from the T 1 -T 2 spectra projections onto the T 2 and T 1 axes, respectively. Figure 11 indicated that the inverted T 1 -T 2 spectra show some false peaks and the heavy oil signal and water signal exhibit divergences when λ is far lower than 1.9156. In contrast, the peak of the heavy oil signal gradually narrows and moves along the direction of increase in T 1 and T 2 and the intensity of the heavy oil signal decreases gradually until the signal disappears in the inverted T 1 -T 2 spectra as the L1 regularization parameter increases when λ is larger than 1.9156. The inverted T 1 -T 2 spectra with the optimal L1 regularization parameter (λ opt = 1.9156) is superior to that with the other L1 regularization parameter. L1 regularization term is used to constrain the sparsity of the inverted T 1 -T 2 spectra. When the regularization parameter is smaller, the solution of the objective function is mainly constrained by the residual term and is weakly affected by the penalty term, thus it exhibits the divergence of the fluid signal in the inverted T 1 -T 2 spectra. When the regularization parameter is larger, the solution is mainly affected by the penalty term, which may exhibit excessively sparse fluid signal and also may miss the fluid signal. Comprehensively, an appropriate L1 regularization parameter is a major factor for obtaining accurate inverted T 1 -T 2 spectra using the TIST algorithm.
Conclusions and Prospects
In this paper, some commonly used T 1 -T 2 spectra inversion algorithms were compared by way of numerical simulations and the TIST algorithm was selected for NMR data inversion in heavy oil reservoirs. Subsequently, NMR T 1 -T 2 experiments for a disordered accumulation of glass beads saturated with heavy oil and distilled water were implemented. The experimental data were processed and the inverted T 1 -T 2 spectra with different acquisition parameters and inversion parameters employing the TIST algorithm were analyzed, whose aim is to determine the parameter conditions for the optimal T 1 -T 2 spectra of heavy oil reservoirs. The following conclusions were drawn:
The selection of appropriate acquisition parameters is important for obtaining accurate T 1 -T 2 spectra of heavy oil reservoirs. The quality of the T 1 -T 2 spectra in heavy oil reservoirs depends on the number of echo train when the maximum and minimum wait times were fixed and a number no less than 7 is appropriate. If an inappropriate wait time group is used for the T 1 -T 2 measurement, the projected T 2 spectra from T 1 -T 2 spectra can still be used for reservoir evaluations. The peak of the heavy oil signal gradually moves along the direction of increase in the T 2 and the intensity of the heavy oil signal gradually decreases as the echo spacing increases. To obtain the optimal T 1 -T 2 spectra, the echo spacing should be as small as possible for the T 1 -T 2 measurements in heavy oil reservoirs on the premise that the NMR instrument operate normally.
The TIST algorithm is robust for NMR T 1 -T 2 spectra inversion. However, the inverted T 1 -T 2 spectra in heavy oil reservoirs may be inaccurate if the inversion parameters are inappropriate. A convergence tolerance that is too large or a maximum number of iterations that is too small may both result in exiting the iteration prematurely during the inversion and thus result in inaccurate inversion results. In contrast, a convergence tolerance that is too small or a maximum number of iterations that is too large may both result in redundant iterations and in a time-consuming inversion process. A convergence tolerance of 1 × 10 −7 and a maximum number of iterations of 30,000 are recommended for T 1 -T 2 spectra inversions of heavy oil reservoirs. An appropriate L1 regularization parameter is a major factor for obtaining accurate T 1 -T 2 spectra of heavy oil reservoirs using the TIST algorithm. When a smaller L1 regularization parameter is used, the inverted T 1 -T 2 spectra exhibit divergent signals and some false peaks. When a larger L1 regularization parameter is used, the heavy oil signal narrows, weakens and may be lost in the T 1 -T 2 spectra.
The results and conclusions of this study were obtained using the TIST algorithm based on the NMR T 1 -T 2 experiments of a disordered accumulation of glass beads saturated with heavy oil and distilled water. However, the viscosity of heavy oil is not uniform and dissolved gas can be presented in heavy oil reservoirs. The actual T 1 -T 2 spectra in heavy oil reservoirs are far more complex than the experimental model used in this study. Therefore, future research on T 1 -T 2 spectra in heavy oil reservoirs should focus on more complex models. Moreover, the relaxation time of heavy oil is very short and the development of other pulse sequences that can measure shorter relaxation times is required for in-depth studies of T 1 -T 2 responses of heavy oil reservoirs.
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